Introduction
Recently, microchip electrophoresis (MCE) has attracted the attention of scientists, since MCE can resolve various compounds with a short analysis time, high resolution, and small consumptions of samples. [1] [2] [3] [4] [5] However, the sensitivity in MCE equipped with an optical detection scheme is sometimes not sufficient for analyses of diluted samples, because of the short optical pathlength of the microchannels. Therefore, various online sample preconcentration techniques have been developed to improve the sensitivity of MCE. [6] [7] [8] [9] [10] One of the successful strategies is to combine other preconcentration devices with MCE on a single microchip, e.g., solid-phase extraction, 11 filtering using a nanopore or nanochannel, 12, 13 and so on. 14, 15 As a typical example, Kim et al. reported that the preconcentration with a nanochannel could attain a million-fold improvement of the detectability, but it required a long analysis time of over 30 min. 13 Furthermore, the nano-fabrication schemes need an expensive apparatus and complicated procedures. Thus, it is appropriate for MCE to apply a rapid and simple preconcentration technique including field-amplified stacking (FASS), [16] [17] [18] sweeping, [19] [20] [21] transient isotachophoresis, 22, 23 isoelectric focusing, 24, 25 transient trapping, 26 and so on. Especially, stacking techniques have often been applied to capillary electrophoresis and MCE, since it is easy to use. [16] [17] [18] These stacking techniques are based on a difference in the electric fields between a sample solution (S) and background solution (BGS) zones filled in a microchannel. Briefly, the S and BGS solutions are prepared with low-and high-conductivity solutions, respectively. When the voltage is applied to a microchannel filled with a high-conductive BGS and low-conductive S, a high electric field is generated in the S zone, as compared to that in the BGS zone. Thus, the difference in the migrating velocity of ionic analytes between the S and BGS zones occurs, providing a preconcentration effect nearby the boundary of the zones. However, neutral analytes cannot be concentrated at the early stage of developing the stacking techniques, since they cannot move on the basis of electrophoresis. For the preconcentration of neutral analytes, Liu and coworkers developed a stacking technique containing sodium dodecyl sulfate (SDS) micelle in CE. 27 In the reported micelle-assisted stacking, a 75-fold enhancement based on the peak area could be achieved. This idea was advanced by Quirino et al.: normal stacking mode (NSM), 28 reversed electrode polarity stacking mode (REPSM), 29 stacking with reverse migrating micelles (SRMM), 30 stacking using reverse migrating micelles and a water plug (SRW), 31 and field-enhanced sample injection with reverse migrating micelles (FESI-RMM) 32 were developed for the preconcentration of neutral analytes. In particular, SRW and FESI-RMM could easily attain over 100-fold sensitivity enhancements in CE by injecting a water plug to enhance the electric field. However, the effect of the water plug on the resolution has not been described in detail, since it is difficult to observe the preconcentration and separation processes in the CE analysis directly. In MCE, a migration process of analytes can be observed, 20 but the introduction of a water plug is very difficult in conventional MCE employing a microchip equipped with a cross-channel injector, since it can inject only one sample solution into the separation channel. Thus, the application of SRW to MCE has not been reported; nevertheless, a microscopic observation in MCE allows researchers to obtain real time monitoring of the process in the MCE analysis.
In the present work, we investigated an effect of injecting a low-conductivity (low-C) zone, which worked as like the The effects of a low-conductivity (low-C) zone of an on-line sample preconcentration based on field-amplified sample stacking (FASS) under an acidic condition was investigated in microchip micellar electrokinetic chromatography (MCMEKC). By employing originally fabricated microchips with T-and cross-channel injectors on a single device, partial injection of the low-C zone and large-volume injection of a sample solution were demonstrated. As a typical result, the observed peak intensities of the fluorescent dyes were 1.5 -2.0-fold enhanced by partial injection of the low-conductivity zone, as compared to those in FASS-MCMEKC without injecting the low-C zone; also, 30 -40-fold enhancements of the detectability were achieved as compared to the conventional MCMEKC analyses. The resolutions of the hydrophobic analytes were also improved by introducing the low-C zone. The difference in the retention factors of model analytes in the high-C background and low-C zones was also estimated in order to clarify the effect of the low-C zone on the resolution and detectability in FASS-MCMEKC. deionized water plug described in the previous report, into the separation channel by using the formally fabricated microchips with T-and cross-channel configurations (T-cross chip). 33 The migration behavior of the analytes in the low-C zone in microchip micellar electrokinetic chromatography (MCMEKC) was observed at various detection points by laser-induced fluorescence (LIF) to reveal FASS-MCMEKC with the low-C zone. The effects of the low-C zone on the preconcentration and resolution were also evaluated by investigating the migrating velocity of the model analytes with various values of the retention factor.
Experimental

Chemicals
Sulforhodamine 101 (SR101) was purchased from MP Biomedicals (Irvine, CA), sulforhodamine B (SRB) and rhodamine B (RB) from Tokyo Chemical Industry (Tokyo, Japan), methanol and sodium dodecyl sulfate (SDS) from Nacalai Tesque (Kyoto, Japan). All reagents were of analytical or HPLC grade. Background solutions (BGSs) were prepared by the dilution of a stock SDS solution (0.5 M) with an appropriate phosphate buffer. Methanol was added into the prepared BGS so as to reduce the excessively strong interaction between the micelle and the test analytes. The BGSs were prepared every day to keep the reproducibility as reported previously. [30] [31] [32] 34 Sample solution (S) was diluted by deionized water purified by using a Direct-Q System (Nihon Millipore, Japan), and filtered through a 0.45-μm pore membrane filter prior to use.
Instrumentation
T-cross chips made of quartz were fabricated by the conventional photolithographic techniques, as reported previously. 33 The MCE experiment was performed with a five channel-type high-voltage power supply (Shimadzu, Kyoto, Japan). The detection of analytes in MCE was conducted with a conventional LIF scheme (excitation, 532 nm; emission, 600 nm). 26, 33 CE experiments were performed on a commercial CE instrument (Agilent Technologies, Palo Alto, CA) for determining the fundamental parameter of the analytes.
Procedure
The T-cross chip was employed to introduce the low-C and S zones into the separation channel by applying programed voltages, as shown in Fig. 1 . Although deionized water was filled in the water reservoir (W), "deionized water" could not be introduced into a separation channel under the experimental condition, because the slow cathodic EOF was generated in the channel. During the loading step, as shown in Fig. 1a , however, the low-C zone was generated between the W and waste reservoirs due to both no supply of the ionic species from the W reservoir and electrophoretic migration of the anionic species in the channels. At the same time, the offset channel was filled with the S. In Fig. 1b , the low-C zone was also generated in the separation channel by switching the voltages. When the separation voltages were applied to the microchannels, the analytes in the S solution located in the offset channel was incorporated by the micelle from the BGS reservoir, and then moved into the separation channel (Fig. 1c) . As a result, on-line sample preconcentration by FASS-MCMEKC with the low-C zone was expected to be carried out in the separation channel. Finally, the concentrated S was separated due to the principle of MEKC, and was detected by LIF. In conventional MCMEKC, pinched injection (PI) of sample solution was carried out, as previously reported. 33 Electropherograms were obtained by measuring the fluorescence intensity at the various detection points.
Concentration process of FASS with the low-C zone
Schematics of the FASS with a low-C zone under an acidic condition are briefly illustrated in Fig. 2 . In FASS-MCMEKC under the acidic condition, a long S plug is introduced into the separation channel after injection of the low-C zone. Since the local electric field strength in the low-C zone is enhanced by the lower conductivity of the zone than that in the high-C BGS zone, as shown in Fig. 2a , a local velocity of hydrophobic analytes incorporated into the anionic micelle in the low-C zone (vS,low-C) becomes faster than that in the S zone (vS,S) (Fig. 2b) . When the micelle and incorporated S reaches the boundary between the low-C and BGS zones, the migrating velocity of the micelle is decelerated by the decrease in the electric field, due to the higher conductivity of the BGS. Hence, the decrease in the velocity of analytes in the BGS (vS,BGS), and the S incorporated into the SDS micelle is then concentrated nearby the boundary on the basis of FASS (Figs. 2c and 2d) . Finally, the concentrated analytes are separated by MEKC in the BGS.
Results and Discussion
Confirmation of injection of the low-conductivity zone
To apply an on-line sample preconcentration using a low-C zone to MCMEKC, a zone of which the conductivity was lower than those of the sample and the background solutions must be introduced in front of the S zone under the reverse migration mode with a suppressed EOF, as shown in Fig. 2 . To confirm the injection of the low-C zone, the long S zone was introduced into the separation channel after applying the voltages shown in Fig. 1b for 3 s. Figure 3 shows the typical electropherograms at the different detection points when a W port was filled with a BGS or deionized water. An anionic rhodamine dye, SRB, was used as the test analyte, since the hydrophilic interaction between the micelle and SRB is so strong that the electrophoretic migration of SRB has a slight influence on the stacking effect in MCMEKC. When the W port was filled with the BGS (Fig. 3a) , SRB started to be stacked immediately after injection of the S into the separation channel filled with the BGS on the basis of FASS, due to the difference in the conductivities between the S and BGS zones. After stacking, the concentrated sample band was broadened by molecular diffusions of the micelle and the sample molecules. The focusing and broadening of the sample zone indicates that the preconcentration of the samples based on FASS was successfully conducted in MCE. On the other hand, a different behavior of stacking was observed, as shown in Fig. 3b , when deionized water was poured into the W port. At the detection points of 0.1 -4.0 mm, the shapes of the peaks were distorted and broadened without focusing. At the detection point of 5.0 mm, a complicated peak with both sharp and broadened zones was observed, indicating that the analytes started to be stacked nearby there. The peak height of the concentrated zone became higher from 5.0 to 8.8 mm by the progress of stacking, the almost all of analytes were then focused at a detection point of 8.8 mm. After finishing the preconcentration, the concentrated sample band was broadened by molecular diffusion at detection points of 8.8 -13.0 mm. It was also observed that the beginning point of stacking was delayed from 5.0 to 20.0 mm upon increasing the injection time of the low-C zone (tinj,low-C) from 1.0 to 5.0 s. This lag of the beginning point of stacking suggests generation of the low-C zone, where the conductivity was lower than those of the S and BGS zones. In addition, the dependence of the lag of stacking on tinj,low-C indicates that the length of the low-C zone is controllable. Hence, it was confirmed that the introduction of the low-C zone was conducted under the experimental condition. To investigate these phenomena, the values of the electrophoretic mobility of the anionic species were evaluated by the conventional CE analysis. As a result, those of the SDS micelle, SRB and phosphate ions were calculated to be ca. -3.6, -2.2, and -1.7 --2.9 × 10 -4 cm 2 V -1 s -1 at pH 2.1 -2.9, respectively.
Since these values were higher than the electroosmotic mobility of 5.8 -7.8 × 10 -5 cm 2 V -1 s -1 under the experimental condition, it was confirmed that these anions could also migrate toward the anode against the suppressed EOF under the acidic condition. In the loading and low-C plug injection steps, therefore, anionic species are not supplied from the W reservoir filled with deionized water, whereas cationic species migrate toward the W port. Furthermore, the increasing intensity of the peak upon increasing the effective length means that the stacking boundary also moves toward the anode against the cathodic EOF. Compared to the conventional SRMM and SRW, on the other hand, the reported reversal of the migrating direction of the stacking boundary was not observed under this experimental condition. The detailed mechanism of the reversal was not reported in previous papers, 30, 31 but it is supposed that the extremely low ionic strength of the deionized water and the sample zones generate a temporary enhanced cathodic EOF. 35 Hence, it was suggested that the ionic strength of the low-C zone is not small enough to generate the temporary enhanced EOF, of which the velocity was faster than electrophoretic migration of the anionic micelle. Consequently, it is clarified that the low-C zone can be formed in the separation channels by migration of the anionic species in order to keep electroneutrality principle.
Effect of the low-C zone on preconcentration and separation
To evaluate the effect of the low-C zone on preconcentration and separation, FASS-MCMEKC analyses of rhodamine dyes were conducted with partial injection of the low-C zone. In addition, conventional PI-and FASS-MCMEKC analyses were also carried out. Typical electropherograms were obtained, as shown in Fig. 4 . In conventional PI-MCMEKC, RB and SR101 could not be completely separated due to their strong interactions with the SDS micelle. The obtained peak heights of the rhodamine dyes were 20 -30, as shown in Fig. 4a . Under the stacking conditions with and without injecting low-C zone (Figs. 4b and 4c) , the peak heights were increased as compared to the conventional PI-MCMEKC. To estimate the effect of preconcentration, the sensitivity enhancement factor (SEFheight) was calculated from the following equation:
where C and h are the sample concentration and the peak height, respectively. The subscripts PI and stack mean that these values are obtained in conventional PI-MCMEKC and FASS-MCMEKC, respectively. The obtained values of SEFheight and resolution (RS) with varying tinj,low-C are summarized in Table 1 . Comparing SEFheight, it was suggested that the preconcentration efficiency with the low-C zone was slightly higher than that without one. Thus, it was indicated that the introduction of the low-C zone proved to be advantageous to the preconcentration of these analytes. It was also found that the increase in tinj,low-C did not affect the obtained SEFheight very much under the experimental condition.
Regarding the separation, the RS for RB and SR101 was considerably increased from 1.4 to 3.3 upon increasing tinj,low-C from 1.0 to 2.0 s. With injecting the low-C zone for 3.0 s, RS for the RB/SR101 separation was increased from 2.3 to 3.4, whereas that for SR101/SRB was decreased from 3.2 to 2.7. Broad peaks were observed due to insufficient separation with injecting the low-C zone over 4.0 s, suggesting unfinished stacking due to a lag of the start of stacking. These results indicated that the low-C zone can affect not only preconcentration based on FASS, but also separation based on MEKC.
Migration behaviors of micelle and samples in the low-C zone
In MEKC, a retention factor (k) is one of the most important parameters that affect the separation of analytes. Under the experimental condition, the concentration of the SDS micelle in the low-C zone should become smaller than that in the S and BGS zones due to the acceleration of the migration of the anionic micelle according to the enhanced local electric field in the low-C zone. To investigate the effect of the partial introduction of the low-C zone on the MCMEKC separation and FASS preconcentration, the variation of the apparent velocities of the analytes should be discussed. The apparent velocity of the neutral compounds incorporated into an ionic micelle (vS,mc,app) is defined as follows: 
where v*mc, vEOF,ave, E and μmc are the effective velocity of the micelle, the averaged velocity of the EOF, the electric field and electrophoretic mobility of the micelle, respectively; K, ū, and CMC are the distribution coefficient, partial specific volume, and critical micellar concentration, respectively. Equations (2) and (3) clearly tell that the apparent velocity of the analyte is changed by the variation of Cmicelle. Hence, the decrease in Cmicelle in the low-C zone should reduce the retentions of the analytes.
To evaluate the effect of the variation of Cmicelle, the ratios of the conductivity in the BGS and low-C zones (γ) and those of the migrating velocities (vratio) of the micelle/analytes were calculated as follows: γ = (conductivity of BGS)/(conductivity of low-C zone), (4) vratio = (migrating velocity in low-C zone)/ (migrating velocity in BGS).
It is assumed that the μmc of the micelle is constant in order to simplify the equation, since it has been previously reported that the concentration of the surfactant causes micelles few changes in the mobility. 36 The difference in the electric field between the BGS and the low-C zones is proportional to γ, providing a linear increase in vratio of the micelle upon increasing γ in the assumption (Fig. 5) . In the conventional stacking of ionic compounds, since they can also migrate due to their own electrophoretic mobility, a higher γ provides a good efficiency of the preconcentration. In MCMEKC of neutral compounds, on the other hand, the decrease in Cmicelle by acceleration in the low-C zone leads to decreases in the k values of the analytes. When the initial Cmicelle and CMC are 50 and 2.5 mM, vratio of the analytes with k of 40 is calculated to be 1.9 at a γ of 19, whereas that at a γ of 10 is approximately 6.8. Concerning the less hydrophobic analytes with small k below 1.0, Fig. 5a indicates that the stacking effect was not obtained so much. When CSDS is lower than CMC, neutral analytes cannot move in the zone, leading to the no stacking effect. These calculations clearly reveal two characteristics concerning the preconcentration of the analytes with the low-C zone: The concentration of SDS is decreased by acceleration due to the stacking effect in a low-C zone, providing a positive correlation between the stacking efficiency and γ at the low γ condition, and a negative correlation at the high γ condition, as shown in Fig. 5a . Hence, the highest stacking efficiency is obtained by injecting the low-C zone with a moderate γ in the low-C zone. The other is that the analytes with a higher k are more concentrated as compared to that with a smaller k according to the larger vratio.
Regarding the effect of the low-C zone on MEKC separation, the resolution between RB and SR101 was improved by partial injection of the low-C zone as shown in Fig. 4 and Table 1 . It is well-known that the analytes of which the k values are 0.1 -10 are well resolved in MEKC. On the other hand, highly hydrophobic analytes with lager k values than 10 cannot be separated well, since the strongly retained compounds migrate at almost the same velocity as the micelle, as shown in Fig. 5b . Hence, the highly retained RB and SR101, of which k values were over 20, were not resolved well under MCMEKC conditions. In MCMEKC with the low-C zone, on the other hand, a dilution of the SDS in the low-C zone weakens the retention of the hydrophobic analytes. As a result, the differences in the apparent velocities of the hydrophobic analytes become large at a γ of 10, as compared to those of 1.0 (Fig. 5a ). Thus, it was found that the injection of the low-C zone could improve the resolution of highly hydrophobic compounds by reducing their k values. However, the separation of the moderately hydrophobic compounds, such as SRB, might be worse by reducing the retention (Table 1) . Consequently, it was newly clarified that the introduction of the low-C zone is advantageous for both the preconcentration and separation of highly hydrophobic compounds.
Conclusions
In this study, the application of partial injection of the low-C zone to FASS-MCMEKC was demonstrated by employing a fabricated T-cross chip. The process of stacking was directly observed by fluorescence imaging, revealing that the low-C zone could be generated in the separation channel. Evaluating the effect of the partial injection of the low-C zone on the retention of the analytes by the SDS micelle clarified that the injected low-C zone is advantageous for both the preconcentration and separation of highly hydrophobic compounds. Consequently, these results indicated that controlling the injection length and conductivity of the low-C zone provides adjustments to both the sensitivity enhancement and improvement of the resolution, not only in MCE, but also in CE.
